Recent studies suggest that a wide range of human health effects could result from exposure to carbon nanotubes (CNTs). A National Institute for Occupational Safety and Health survey of the carbonaceous nanomaterial industry found that 77% of the companies used respiratory protection, such as filtering facepiece respirators (FFRs). Despite CNT studies in some occupational settings being reported, the literature for mass-based penetration of CNTs through FFRs is lacking. The aim of this study was to conduct a quantitative study of single-walled CNT (SWCNT) and multiwalled CNT (MWCNT) penetration through FFRs. A CNT aerosol respirator testing system was used to generate charge-neutralized airborne SWCNTs and MWCNTs for this study. The size distribution was 20-10 000 nm, with 99% of the particles between 25 and 2840 nm. Mass median diameters were 598 and 634 nm with geometric standard deviations of 1.34 and 1.48 for SWCNTs and MWCNTs, respectively. Upstream and downstream CNTs were collected simultaneously using closed-face 3.7-cm-diameter filter cassettes. These samples were subsequently analyzed for organic carbon and elemental carbon (EC), with EC as a measure of mass-based CNTs. The mass-based penetration of SWCNTs and MWCNTs through six FFR models at constant flow rates of 30 l min −1 (LPM) was determined. Generally, the penetrations of SWCNTs and MWCNTs at 30 LPM had a similar trend and were highest for the N95 FFRs, followed by N99 and P100 FFRs. The mass-based penetration of MWCNTs through six FFR models at two constant flow rates of 30 and 85 LPM was also determined. The penetration of MWCNTs at 85 LPM was greater compared with the values of MWCNTs at 30 LPM.
In trod uctIon
Carbon nanotubes (CNTs) are currently used in numerous industrial and biomedical applications, including electron field emitters, conductive plastics, semiconductor devices (Endo et al., 2008; Wang et al., 2011) , chemical sensors and catalysts (McKinney et al., 2009) , biosensors, and medical devices (Chakravarty et al., 2008; Endo et al., 2008) .
Several studies in rodents have shown: (i) acute pulmonary inflammation and interstitial fibrosis observed in CNT-exposed animals in subchronic studies (Shvedova et al., 2008; Porter et al., 2010) and (ii) an equal or greater potency of CNTs compared with other inhaled particles known to be hazardous to exposed workers (crystalline silica and asbestos) in causing adverse lung effects (Muller et al., 2005; Shvedova et al., 2005) . Animal toxicological evidence suggests that a wide range of human health effects could result from exposure to CNTs [Poland et al., 2008 ; National Institute for Occupational Safety and Health (NIOSH), 2013] . The toxicities may vary between the differing types of CNTs [single-walled CNTs (SWCNTs) or multiwalled CNTs (MWCNTs)] and the varying individual characteristics, such as raw versus purified forms, agglomerated structure versus single fibers, and fiber length (Donaldson et al., 2006) .
In general, SWCNTs range from 1 to 10 nm in diameters and have a strong tendency to form highly entangled structures with a nest-like appearance (Shvedova et al., 2005; Maynard et al., 2007) , while MWCNTs possess diameters up to 100 nm with hollow cores and typically have bundled fibrous morphologies (Wang et al., 2007) . Due to the fibrous geometry and van der Waals forces, CNTs tend to form large agglomerates (bulk powder); therefore, the dispersion of these airborne particles with a controlled degree of agglomeration plays a significant role in CNT studies. We have recently developed a CNT aerosol generator to produce a sufficient amount of airborne CNTs with a controlled degree of agglomeration for testing of FFRs (Vo and Zhuang, 2013) .
Studies have suggested that workers may be at risk for exposure to CNT particles during the manufacture, handling, and cleanup of CNT materials (Mitchell et al., 2007; Evans et al., 2010; Porter et al., 2010; Birch et al., 2011; Dahm et al., 2012 Dahm et al., , 2013 . With a concern for worker exposure to CNTs, several CNT exposure limits have been proposed. An interim occupational exposure limit of 21 µg m −3 for MWCNTs was proposed in a report by the Japanese New Energy and Industrial Technology Development Organization (Kobayashi et al., 2009) . NIOSH has also proposed a respirable mass-based recommended exposure limit (REL) for CNTs, with a REL of 7 µg m −3 as an 8-h time-weighted average (NIOSH, 2006 (NIOSH, , 2013 . Inhalation of aerosolized CNT particles is believed to be the primary route of exposure and is of most concern (Evans et al., 2010; Birch et al., 2011; Dahm et al., 2012 Dahm et al., , 2013 . A NIOSH survey of the carbonaceous nanomaterial industry found that 77% of the companies used some types of respiratory protection, such as N95 FFRs (Dahm et al., 2011) . Additionally, the NIOSH Current Intelligence Bulletin 65 (NIOSH, 2013) on CNTs and carbon nanofibers recommend workers to select and use respirators when working with nanoparticles. Thus, there is a need for massbased FFR penetration data on CNTs.
The Scanning Mobility Particle Sizer (SMPS) and Aerodynamic Particle Sizer (APS) are commonly used to determine particle concentrations and size distributions of spheres and not applicable for elongated particles. Therefore, using an SMPS or APS to determine the mass-based penetration for longer CNT structures and CNT agglomerates may contribute to its underestimation due to their nonspherical form and the estimated values of CNT density and particle diameters. Recently, some mass-based, quantitative studies at facilities that manufacture and process CNTs (or nanofibers) have been conducted by collecting workplace air samples for subsequent analysis using the NIOSH Method 5040 (NIOSH, 2006 (NIOSH, , 2013 and/or electron microscopy (Maynard et al., 2004; Methner et al., 2007; Evans et al., 2010; Lee et al., 2010; Birch et al., 2011; Dahm et al., 2012) ; however, reports on the mass-based data of airborne CNT penetration through FFRs are lacking.
Although numerous respirator filtration studies have been done with surrogate engineered nanoparticles, such as sodium chloride, these studies used solvents as aerosol generator fluids (suspension solutions), were targeted toward generating spherical particles, and measured particles in the range of 100-400 nm mobility diameters (Wilkes, 2002; Rengasamy et al., 2009) . Thus, there is a need for a quantitative study on elongated-shape CNTs to determine CNT penetration through FFRs or other respirator filters and to support the current NIOSH respirator recommendations.
The aims of this study were to generate airborne SWCNT and MWCNT particles continuously in a sufficient amount for testing of FFRs, with CNT size distributions in the respirable size range (particles < 10 μm), and to conduct a quantitative study of SWCNT and MWCNT penetration through FFRs using a thermal-optical analysis technique (Birch and Cary, 1996; NIOSH, 2006) for CNT measurement.
M Ater I A l s A nd M ethods

Equipment and supplies
CNT aerosol respirator testing system A CNT aerosol respirator testing system (CNT-ARTS) has been previously developed (Vo and Zhuang, 2013) and was used to generate a sufficient amount of airborne CNT particles in the respirable size range (particles < 10 μm) for testing of FFRs. The testing system was able to aerosolize airborne CNTs from bulk powder materials (Vo and Zhuang, 2013) , rather than nebulizer dispersion of CNTs in a liquid suspension. Bulk powder dispersion is preferable because it is more representative of workplace dispersion during handling of CNT powders (Calvert et al., 2009) .
SWCNT and MWCNT samples
The SWCNT and MWCNT bulk materials used in this study were obtained from Nanostructured & Amorphous Materials, Inc. (SWNT-1246YJS, lot 1227-090111 and MWNT-1227YJS, lot 1227-041709; Houston, TX, USA) and used without further purification. According to the manufacturer, the average diameter of the SWCNTs is between 1 and 2 nm, while the length (geometric length) varies from 1 to 3 µm. The average diameter of the MWCNT product is between 30 and 80 nm, while the length varies from 0.5 to 2 µm.
Respirators
Two models of each N95, N99, and P100 series (total of six FFR models) were randomly selected from among those models tested previously in our laboratory (Vo and Shaffer, 2012) . These FFR models were randomly assigned labels A or B for each series FFR models (Tables 1-3 ). Although elastomeric half-mask respirators (EHRs) and FFRs are commonly used by workers in the carbonaceous nanomaterial industry (Dahm et al., 2011) , the CNT contamination in the EHRs is of concern for this quantitative analysis study because the half-masks have to be reused while the FFRs are designed as 'single-use' devices; thus, the NIOSH-approved FFRs were selected for this study. These FFRs have a multilayer structure, and the main layers of these FFRs are composed of polypropylene fibers with electrical charge; however, each FFR model has different characteristics, such as number of layers, thickness, and different fiber materials.
Generation and characterization of airborne SWCNTs and MWCNTs
Generation of airborne SWCNTs and MWCNTs
Airborne SWCNTs and MWCNTs in the respirable size range (particles < 10 μm) were generated according to the method of Vo and Zhuang (2013) . During generator operation, 1.0 g of bulk CNTs (SWCNTs or MWCNTs) and a small stir bar were placed inside the nebulizer cylinder ( Fig. 1) . Once the head form with the FFR was set up, the chamber was sealed and internal fans were started. Then, compressed air valves were opened and particles were aerosolized. The micro-stir bar was used to agitate the CNT samples and disperse them from the bulk powder. The flow of air at 7 l min −1 (LPM) through the nebulizer was used to carry small CNT particles out of the nebulizer cylinder, while larger particles tended to stay in the lower portion of the cylinder until they were dispersed. The CNT particles passed through a cyclone to establish the size cut-off particles ≥ 10 µm before they were directly mixed with clean dry air to reach a final designated CNT concentration (Fig. 1) . Then, the airborne CNTs passed through a diffusion dryer to remove any associated water vapor. Before entering the exposure chamber, the airborne CNTs passed through a Kr-85 neutralizer. A Condensation Particle Counter (CPC, model 3776; TSI Inc., Shoreview, MN, USA) with a controlled flow rate of 1.5 LPM was used to monitor the CNT concentration in the chamber during particle generation ( Fig. 1) .
Characterization of airborne SWCNTs and
MWCNTs To investigate a constant output concentration, the CPC was used to monitor the CNTs in the chamber during particle generation. The CPC was also used to measure the CNT concentration to ensure that the CNT-ARTS generated a sufficient amount of CNTs for testing of FFRs (≥3 × 10 4 particles per cm 3 required for P100-FFR) (Vo and Zhuang, 2013) .
The size distribution of output SWCNTs and MWCNTs was measured using an APS and an SMPS as described by Vo and Zhuang (2013) . The combination of the SMPS and APS data into a single size distribution (0.02-20 µm) was performed according to the method of Khlystov et al. (2004) by calculating the ratio of the overlapping size range between 0.6 and 0.9 µm.
SWCNT and MWCNT penetration through FFRs and quantitative analysis
The CNT penetration procedure Before each penetration experiment, a FFR was sealed with silicone to the face of the head form and a leakage test was conducted using a breathing system as described by Vo and Zhuang (2013) .
The penetration experiments were carried out using the penetration measurement system (Vo and Zhuang, 2013) at two constant flow rates: 30 LPM (which simulates inhalation at a normal work rate [Clayton et al., 2002] ) and 85 LPM (which simulates inhalation at a heavy work rate [Clayton et al., 2002] ). Airborne CNTs outside each FFR (near the center of the FFR, Fig. 1 ) were designated as upstream particles, and airborne CNTs that penetrated through each FFR (inside a head form, Fig. 1 ) were designated as downstream particles. The upstream and downstream samples were collected simultaneously, so the filter performance of all FFRs sealed with silicone to the face of the head form depended only on the ratio of the downstream and upstream particle concentrations. In addition, due to the high cost and high toxicity level of CNTs, minimal amounts of CNT samples were considered; therefore, different CNT concentrations in the chamber were generated for different P100 FFR series.
Collection of upstream and downstream
CNT samples In this study, all samples of SWCNTs and MWCNTs were collected using closed-face 3.7-cm-diameter filter cassettes (three-piece preloaded cassettes containing 3.7-cm-diameter quartz-fiber filters, model #: 225-401; SKC Inc., Eighty Four, PA, USA). For each FFR model, each set of three upstream and three downstream CNT samples were collected simultaneously on the quartz-fiber filters for organic carbon (OC) and elemental carbon (EC) analysis. Quartz-fiber filters were used because of their high collection efficiency for particulate matter and resistance to the high temperature (≥850°C) generated during the OC-EC analysis. The upstream CNTs were collected using an in-house vacuum system, including a 90-cm probe connected to the filter cassette, a mass flow meter (model #4140, TSI), and an air regulator to control the air flow rate (Fig. 1, 2 A-2C ).
In order to obtain an even sample deposition across the filter and proper filter loadings, the sample collection conditions were designed as: (i) an airflow to the quartz-filter cassette ≤3 LPM and (ii) a filter loading level for both upstream and downstream samples <100 µg cm −2
. To achieve the sample collection requirements within the normal work period (≤4 h), different flow rates and sampling times for upstream and downstream samples were used as follows. The airflow to the filter cassette was set to 0.5 LPM for the upstream CNT samples. The collection time of the upstream CNT samples is shown in Tables 1-3. The downstream CNTs were collected using the same in-house vacuum connected to another 90-cm probe and mass flow meter (model #4140, TSI) (Fig. 1,  3A-3C ). The airflow to the filter was set to 3 LPM for the downstream CNT samples. The collection time of the downstream CNT samples is also shown in Tables 1-3. After completing collection for each sample, the filter cassette was covered with the cassette cap and stored at room temperature prior to subsequent analysis to determine the mass-based CNT concentration, with EC used as a measure of CNT mass. 1 Schematic diagram of CNT aerosol respirator penetration system: including a constant air flow apparatus (mass flow meter, 1A; high efficiency particulate air (HEPA) filter, 1B; air regulator, 1C; in-house vacuum, 1D), upstream sample collection apparatus (closed-face sample cassette, 2A; mass flow meter, 2B; air regulator, 2C; in-house vacuum, 2D), and downstream sample collection apparatus (closed-face sample cassette, 3A; mass flow meter, 3B; air regulator, 3C; in-house vacuum, 2D). For each analysis, a portion (~1.5-cm 2 rectangular punch) of the filter sample was removed and inserted into the analyzer oven. The analysis proceeds in inert and oxidizing atmospheres. In both, evolved carbon is catalytically oxidized to carbon dioxide (CO 2 ) and the CO 2 is reduced to methane (CH 4 ), which is detected by a flame ionization detector. In the analysis, the temperature is first stepped in helium, to a preset maximum, to remove OC. If char forms as the sample is heated, the filter transmittance decreases with increasing temperature. After the OC is removed, an oxygenhelium mix is introduced and the temperature is again increased stepwise, to 850°C or higher (up to 920°C, depending on the sample), to oxidize the remaining material. As light-absorbing carbon (including any char formed) is oxidized, the filter transmittance increases. The OC-EC split is assigned when the initial transmittance value is reached. Carbon removed prior to the split is quantified as OC, while that removed after the split is quantified as EC. As mentioned, in this work, the automatic OC-EC split correction for pyrolysis was not necessary because the CNT material was composed of EC (i.e. there was no OC pyrolysis). Thus, the OC-EC split was set at a fixed time such that all the carbon removed during the second part of the analysis (in oxidizing atmosphere) was quantified as EC.
Quantitative analysis of CNTs using a thermal-optical technique
With each sample set analyzed, a sucrose solution was used as an external calibration standard. Additionally, a fixed volume of methane was automatically injected at the end of each analysis as an internal standard. As control samples, media blanks were also analyzed. As with the samples, a portion (~1.5-cm 2 punch) of the quartz filter media (as received in a sealed package) was removed and analyzed for the blank determinations.
For the respirator tests, airborne CNT samples were collected in an enclosed chamber with filtered air and (based on analysis of bulk materials) their OC content was negligible, so the CNT mass concentration was based only on the EC result. Based on the even sample deposition across the filter, a 1.5-cm 2 sample portion from each quartz filter was analyzed and representative of the entire deposit. Therefore, the total EC on the filter was calculated as: [EC (µg cm −2 ) on the 1.5-cm 2 sample portion − EC blank] × the total deposit area.
Mass-based CNT penetration
The mass-based SWCNT and MWCNT penetrations were calculated as a ratio of the downstream and upstream mass-based concentrations:
where C down is the downstream mass-based concentration (total EC on the 3.7-cm-diameter filter per liter of downstream air containing CNT; µg l −1 ); C up is the upstream mass-based concentration (total EC on the filter per liter of upstream air containing CNT).
Data analysis
All tests in this study were replicated three times. The mean, standard deviation, and normal data distribution were calculated using Microsoft Excel 2010 software (Microsoft Corporation, Redmond, WA, USA). P-values of <0.05 were considered significant. To compare the percent penetration of SWCNT and MWCNT particles through each FFR model, paired t-tests with two-tailed distribution were run, also using Microsoft Excel 2010.
r e sults
Characterization of airborne SWCNTs and MWCNTs Results from our previous study using the SMPS and APS to investigate the size distribution (mobility equivalent diameter) of airborne CNTs in the testing chamber under the same test conditions showed the CNT size distribution was in the respirable size range (particles < 10 μm diameter) (Vo and Zhuang, 2013) . The average size distribution was 20-10 000 nm, with 99% of the particles between 25 and 2840 nm, and mass median diameters were 598 and 634 nm with geometric standard deviations of 1.34 and 1.48 for output SWCNTs and MWCNTs, respectively.
In this study, the average output SWCNT and MWCNT concentrations during a 4-h test period were characterized using the CPC and found to be 2.19 × 10 5 (± 2.79 × 10 3 ) and 2.32 × 10 5 (± 2.33 × 10 3 ) particles per cm 3 for SWCNTs and MWCNTs, respectively (n = 3; Fig. 2 ).
Quantitative analysis of SWCNTs and MWCNTs
All upstream and downstream samples of SWCNTs at 30 LPM flow rate and MWCNTs at 30 and 85 LPM flow rates were collected for mass concentration analysis. All upstream and downstream samples of SWCNTs and MWCNTs were found to deposit evenly across the filter. Thus, a single punch (a 1.5-cm 2 sample portion) from each quartz filter was analyzed for EC and representative of the entire deposit. Results for SWCNT and MWCNT samples (corrected for media blank) are presented in Tables 1-3 , corresponding to 0.01-0.55 µg l −1 and a RSD in the range from 0.001 to 0.03 (n = 3) for all FFR models ( Table 2) .
The EC for upstream samples of MWCNTs collected at 85 LPM flow rate ranged from 10.82 to 28.14 µg cm −2 . These loadings represent 77.54-201.60 µg l −1 per each filter, with RSD in the range of 6.96-13.04 (n = 3) for all six FFR models (Table 3) . The EC for downstream samples ranged from 2.16 to 10.82 µg cm −2 , corresponding to 0.04-0.84 µg l −1 for downstream mass-based concentrations, with RSD in the range of 0.001-0.04 (n = 3) for all FFR models (Table 3) .
SWCNT and MWCNT penetrations
The percent mass-based penetration values of SWCNTs and MWCNTs for the six FFR models at a constant flow rate of 30 LPM are shown in Tables 1  and 2 , respectively. Percent mass-based penetrations
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of SWCNTs were highest for the N95 (0.47-0.93%), followed by N99 (0.38-0.40%) and P100 (0.007-0.014%) FFRs. For MWCNTs collected at 30 LPM, percent mass-based penetrations were also highest for the N95 (0.45-0.83%), followed by N99 (0.17-0.18%) and P100 (0.007-0.013%) FFRs. The paired t-tests ran for the N95-A and N95-B models revealed P-values of 0.006 and 0.003 for SWCNTs and MWCNTs at the flow rate of 30 LPM, respectively. This indicates that penetrations were significantly different between the N95-A and N95-B models; however, penetrations were not significantly different between the N99-A and N99-B (all P-values > 0.2) or the P100-A and P100-B models (all P-values > 0.07) for both SWCNT and MWCNT experiments. The results in Table 1 also show that the SWCNT penetration of the N95-B approached the performance of the N99-A and N99-B models with all P-values > 0.2.
The percent mass-based penetration values of MWCNTs for the six FFR models at constant flow rates of 30 and 85 LPM are shown in Tables 2 and  3 , respectively. The results indicate that the percent mass-based penetrations at 85 LPM (0.61-1.08% for N95, 0.24-0.26% for N99, and 0.02-0.025% for P100 FFRs) were consistently greater compared with the values at 30 LPM (0.45-0.83% for N95, 0.17-0.18% for N99, and 0.007-0.013% for P100 FFRs) for all FFR models with all P-values < 0.03.
dIscuss Ion
The results from this study show that the CNT-ARTS was capable of generating a sufficient amount of airborne SWCNTs and MWCNTs for testing of FFRs and able to maintain a stable CNT concentration during a 4-h test period.
In general, N95 FFRs allow higher levels of massbased penetration compared with N99 or P100 FFRs for both SWCNTs and MWCNTs at the same constant flow rate of 30 LPM (all P-values < 0.01). The mass-based penetrations for SWCNTs were greater compared with the values for MWCNTs for all N95 and N99 FFR models (all P-values < 0.03). Two possible explanations for the larger SWCNT penetration for N95 and N99 FFRs are: (i) the output SWCNTs have smaller particle diameters with a mass median diameter (MMD) of 598 nm than the particle diameters of MWCNTs (MMD = 634 nm) and (ii) the increasingly hydrophilic fiber materials in each layer of N95 and N99 FFR series might contribute to this penetration trend (Rengasamy et al., 2013) . However, the penetrations for SWCNTs were not significantly different compared with the values for MWCNTs for P100 FFR models (all P-values ≥ 0.05). A possible reason for the similar penetrations could be that all P100 FFR models have the same number of filter layers and hydrophilic/hydrophobic layer characteristics (Rengasamy et al., 2013) .
For different FFR models within each FFR series, the results show that the mass-based penetrations of SWCNTs and MWCNTs at 30 LPM were significantly different between the N95-A (0.83-0.93%) and the N95-B (0.45-0.47%) models with all P-values ≤ 0.006. A possible explanation for the different penetrations is that the N95-A FFR model has a hydrophilic outer layer, while the N95-B FFR model has a hydrophobic outer layer (Rengasamy et al., 2013) . However, penetrations were not significantly different between the N99-A and N99-B or P100-A and P100-B models (all P-values > 0.07). A possible explanation for insignificantly different penetrations is that both the N99-A and N99-B or the P100-A and P100-B models have the same number of filter layers and hydrophilic/ hydrophobic layer characteristics (Rengasamy et al., 2013) .
Comparison of the mass-based penetrations of MWCNTs at two different flow rates of 30 and 85 LPM indicated that different FFR models yielded different mass-based MWCNT penetrations (all P-values < 0.03), with larger penetrations observed for each model at the higher flow rate. Mass-based penetrations of MWCNTs for both 30 and 85 LPM experiments had a similar trend in the penetration and were highest for the N95 FFRs, followed by N99 and P100 FFRs. The different filter properties (hydrophilic/hydrophobic fiber materials and electrical charges), numbers of filter layers, and total filter thickness among the three different FFR series (N95, N99, and P100) would contribute to this penetration trend (Rengasamy et al., 2013) .
The principal limitation of this study is that the FFRs were sealed to the face of the head form, so their efficiency determined during experiments was defined as the efficiency of the FFR filter material. The actual field-measured penetration may be higher if there is some leakage between the wearer's face and the FFR. It should be noted that these test aerosols were charge-neutralized particles and no moisture collection was present on the filter media in this study, so the actual field-measured penetration may be different. In addition, only limited FFR models were tested and other models may perform better or worse than those selected.
con clus Ions
The mass-based penetration of SWCNTs and MWCNTs through six FFR models was determined by collection of samples on quartz-fiber filters and subsequent analysis using a thermal-optical technique. The results show that N95 FFRs allow higher levels of penetration compared with N99 or P100 FFRs, for both SWCNTs and MWCNTs at the same constant flow rate of 30 LPM. The results also show that the mass-based penetration of MWCNTs at 85 LPM flow rate was greater compared with the values at 30 LPM. As expected for dispersed powder aerosols with particle agglomerates in the respirable size range, results indicate that the mass-based penetrations of MWCNTs (0.61-1.08% for N95, 0.24-0.26% for N99, and 0.02-0.025% for P100) were less than the acceptable penetrations of these FFR models (≤5% for N95, ≤1% for N99, and ≤0.03% for P100 FFRs) for a sphere of unit density with the same constant flow rate of 85 LPM.
